Matricellular proteins and the tumour microenvironment
======================================================

To understand the roles matricellular proteins play within the tumour microenvironment, it is important to recognise first the complexity of interactions occurring between malignant tumour cells and the different components of the surrounding tumour stroma such as the extracellular matrix (ECM), fibroblasts, inflammatory/immune and endothelial cells. The ECM is critical during development as it not only maintains tissue homoeostasis and structure, but it also performs a diverse set of regulatory functions that orchestrates downstream signalling pathways for proliferation and survival, and serving as a scaffold for mediating physical interactions between different cell types ([@bib31]). Mounting evidence has revealed that the ECM serves as a crucial nexus for the establishment of ECM protein-growth factor receptor interactions, ECM-growth factor/cytokine interactions and other ECM protein--protein associations ([@bib31]). During tumour progression, alterations in tumour suppressor genes and oncogenes cause cancer cells to activate adjacent stromal components and induce the release of cytokines, growth factors and ECM proteins into the tumour stroma to create a microenvironment conducive for growth and dissemination ([@bib36]; [@bib25]). This array of stromal modulating factors that includes, but not limited to, transforming growth factor *β* (TGF-*β*), interleukins, colony stimulating factor 1, tumour necrosis factor *α* and epidermal growth factor receptor (EGFR) ligands, thereby leading to a perturbation in tissue homoeostasis and creating a condition not dissimilar to wound healing ([@bib14]). Additionally, deposition of ECM proteins such as collagen I and IV, fibronectin, laminin and matricellular proteins leads to matrix remodelling and subsequent release of proteases such as metalloproteinases (MMPs) and cathepsins, which degrade the basement membrane and initiate a pro-invasion programme for tumour cells ([@bib23]). Tumour angiogenesis also plays an important role within the tumour microenvironment toward supporting a permissive environment that fuels tumour growth by increased production of vascular endothelial growth factor (VEGF) ([@bib20]). Aberrant pro-angiogenic signalling driven by VEGF leads to the formation of abnormal tumour vasculature that contributes to tumours\' abilities for growth, evasion from immune surveillance as well as facilitating metastasis ([@bib20]).

Matricellular proteins have been defined as a subset of non-structural ECM proteins that modulate cell--matrix interactions and cell regulatory functions by different mechanisms and can be highly context dependent ([@bib52]). These proteins, which are highly responsive to cues received by their local environment, exert their functions by either binding to cell surface receptors or binding directly to other ECM proteins to form a scaffold that can trigger extracellular signalling pathways for upregulation of inflammatory cytokines and other growth factors ([@bib12]). Members of this family of proteins include osteopontin (OPN), periostin (POSTN), secreted protein acidic and rich in cysteine, (SPARC), tenascin C (TNC) and others. Although the matricellular family of proteins has been growing in recent years, we focus on the aforementioned matricellular proteins in this review as they have been well-studied in terms of their clinical relevance in tumorigenesis. In particular, their roles in cancer development, metastasis and potential strategies toward augmenting current cancer therapeutics will be discussed.

Knockout mouse models of these specific matricellular proteins are often viable but characteristically display impaired responses to mechanical stress and wound healing ([@bib6]; [@bib49]; [@bib67]; [@bib39]). This group of proteins is dynamically expressed and is highly elevated during embryonic development but show diminished activity in normal adult tissues. Wound injury, tissue remodelling, inflammation, cancer and other chronic diseases induce the re-expression of these proteins ([@bib12]). In cancer, overexpression of matricellular proteins by activated fibroblasts or malignant cells can potentiate pro-tumorigenic interactions in the tumour microenvironment ([@bib12]). Given the range of their binding capabilities due to multiple domains that contain many binding sites to different cell adhesion receptors, matricellular proteins are able to direct a multitude of biological processes essential for tumorigenesis such as proliferation, cell adhesion, migration, invasion, angiogenesis and survival ([@bib5]).

Clinical implications of matricellular proteins in cancer
=========================================================

The deregulation of matricellular proteins\' expression has been reported in many solid tumours. Immunohistochemical analyses of human tumour samples have revealed high SPARC levels in astrocytomas, breast and pancreatic cancers ([@bib22]; [@bib3]; [@bib44]). Similarly, quantitative gene expression and proteomic data have identified OPN, POSTN and TNC to be upregulated in diverse tumour types ([@bib68]; [@bib28]; [@bib53]). Aberrant upregulation of these matricellular proteins have been found to correlate with poorer prognosis in cancer patients ([@bib12]) and may have important clinical implications in the field of cancer molecular diagnostics.

For example, TNC has been proposed also as a potential diagnostic marker for certain cancers such as gliomas and bladder cancer because of its correlation with poor patient survival ([@bib21]; [@bib9]). POSTN has also been found to be associated with lower survival in non-small cell lung cancer ([@bib55]) and our group has also observed similar findings in a cohort of oesophageal squamous cell carcinoma patients ([@bib69]). Moreover, a prospective clinical study charting serial plasma OPN levels in women with metastatic breast cancer over time revealed a strong correlation of high OPN plasma levels with poorer survival ([@bib7]). Thus, the evidence from these data suggests matricellular proteins may have some efficacy as potential biomarkers in cancer.

Concomitant with the premise of using these matricellular proteins as tumour biomarkers, they have also been considered as candidates for adjuvant therapy. Experimental work has revealed that neutralising antibodies targeted against POSTN lead to decreased formation of metastases in human ovarian cancer xenografts and in a murine breast cancer model ([@bib29]; [@bib71]). Additionally, human breast cancer cells that constitutively express high levels of TNC showed decreased primary xenograft tumour growth as well as decreased number of metastatic foci in the lungs with genetic abalation of TNC ([@bib10]). Promising results have emerged from clinical trials using TNC-specific antibodies conjugated with cytotoxic agents both in malignant glioma patients ([@bib47]) and in patients with non-Hodgkin lymphoma ([@bib50]) with potential applicability for a broader range of cancers.

Induction of migration, EMT and invasion by matricellular proteins
==================================================================

Tumour initiation and subsequent invasion of tumour cells into the surrounding stroma marks a vital step towards metastases. This process, known as epithelial--mesenchymal transition (EMT), which is a distinctive morphological change whereby the tumour cells switch from a well-differentiated epithelial phenotype to a more invasive mesenchymal phenotype ([@bib24]). Detachment of tumour cells from the primary tumour requires a progressive loss of cell--cell contact at adherens junctions, which is facilitated by downregulation of epithelial proteins such as E-cadherin (E-cad) and cytokeratins and increase in cell motility through increase of mesenchymal proteins such as vimentin and N-cadherin (N-cad) ([@bib24]). Induction of EMT can occur via growth factors such as hepatocyte growth factor, TGF-*β*, epidermal growth factor (EGF) and fibroblast growth factor (FGF) as well as matricellular proteins ([@bib25]). Matricellular proteins can support and induce EMT by triggering several receptor-mediated signalling pathways ([Figure 1A](#fig1){ref-type="fig"}) ([@bib12]) and this family of proteins has been shown to have important functions in promoting tumour cell migration and invasion.

POSTN is a secreted TGF-*β* inducible, N-glycoprotein that comprises multiple domains such as an N-terminal signal peptide sequence, a cysteine-rich domain, a hydrophilic C-terminus with heparin binding domains and Fasciclin 1 adhesion domains that has been found to bind to several ECM proteins such as fibronectin, collagen I/V, TNC and integrins ([@bib59]; [@bib62]; [@bib33]). POSTN has been shown to increase the metastatic potential of tumorigenic 293T cells *in vivo* as well as stimulating EMT ([@bib70]). Moreover, our group has demonstrated the functional importance of POSTN in initiating tumour cell invasion when secreted at the invasive front through the convergence of mutant p53 and EGFR overexpression ([@bib35]). Although it does not possess an Arginine--Glutamate--Aspartate (RGD) domain, a classical structural element for binding to integrins, POSTN also been reported to bind to *α*~V~*β*~5~ and *α*~V~*β*~3~ integrins to coactivate EGFR signalling that modulates cell motility and proliferation ([@bib70]). Similar to these observations, POSTN has been reported to promote cell survival in colon cancer cells via integrin signalling and consequent downstream activation of the PKB/Akt pathway ([@bib2]).

TNC has been also implicated in mediating cell motility and invasion in a variety of epithelial cancers. TNC is a secreted glycoprotein with a hexabranchion structure containing EGF and fibronectin-like repeats as well as a fibrinogen-like domain that binds to a variety of proteins in the ECM ([@bib15]). Experimental evidence has established that the role of TNC in colorectal cancer and EMT is modulated by *β*-catenin ([@bib4]). In addition, it has also been proposed that there is a link between TNC and Notch-mediated invasion in glioma cells as Notch1 was found to be capable of regulating the expression of TNC, although its effect in tumour invasion remains to be elucidated ([@bib58]). TNC knockdown in metastatic breast cancer lines (LM2) not only decreased cell migration *in vitro* but also showed a significant reduction in the formation of lung metastases ([@bib63]). Intriguingly, miRNA profiling of MDA-MB-231 breast cancer derivatives identified miR-335 as an important regulator of a set of metastatic genes, one of which was shown to be TNC ([@bib63]).

Similar to both TNC and POSTN, OPN can induce cell motility and invasion and was first characterised in an immune response against bacterial infection ([@bib37]). OPN is a secreted phosphoglycoprotein with multiple domains that are highly conserved and allow it to bind to a variety of cellular receptors such as integrins and hyaluronan receptor, CD44 ([@bib56]). OPN is found also to be upregulated in epithelial cancers and can be produced by either the tumour cells or surrounding stromal cells, such as endothelial cells or macrophages ([@bib56]). Secreted OPN is then deposited in the ECM and mediates cell--matrix interactions to initiate cell signalling, such as binding to growth receptors, for example EGFR or c-Met, to induce cell proliferation and migration ([@bib66]). Like POSTN, OPN undergoes alternative splicing and produces three isoforms, OPN-a, OPN-b and OPN-c. These isoforms are expressed differentially during cancer progression and can promote tumorigenesis to a varying degree. For instance, a recent study reports that only the OPN-c isoform is expressed highly in ovarian tumours compared with normal tissue samples ([@bib64]). In addition, OPN-c is capable of augmenting cell proliferation and invasion of the ovarian cancer cell line OvCar-3 and this was found to be mediated through PI3K signalling ([@bib64]). However, there was no change in function with OPN-a and OPN-b. Similar observations have been reported for prostate cancer cells except OPN-b also plays a pro-tumorigenic role by inducing invasion ([@bib65]).

SPARC, also known as osteonectin, is a secreted glycoprotein with multidomains such as N- and C-termini Ca^2+^-binding domains and a disulphide, copper binding follistatin domain ([@bib16]). SPARC has been shown also to bind directly to components within the ECM compartment such as collagen I and III, which promotes collagen fibrillogenesis and integrin receptors *α*~V~*β*~4~, *β*~1~ and *β*~5~ ([@bib48]). SPARC also binds directly to growth factors such as VEGF and affects regulation of FGF by affecting the phosphorylation of the FGF receptor ([@bib16]). The functions of SPARC have been characterised broadly as anti-proliferative, deadhesive and promoting cell--ECM interactions which have important pro-tumorigenic functions when SPARC protein expression is dysregulated in tumours. SPARC overexpression in normal melanocytes and melanoma cells reduces E-cadherin expression and induces EMT through upregulation of mesenchymal markers such as Snail as well as promoting cell motility and invasion ([@bib51]). Acquisition of an invasive phenotype through SPARC overexpression has been reported in glioma cells and was shown to be attenuated when SPARC was knocked down with accompanying inhibition of the focal adhesion kinase (FAK) signalling pathway ([@bib57]). However, the pro-tumorigenic roles of SPARC appear to be dependent upon cellular context as the paracrine and autocrine effects of SPARC towards tumour invasion remain to be elucidated. Experimental findings from several groups in melanoma and ovarian cancer have demonstrated the importance of tumour-derived SPARC on tumour invasion compared with stromal-derived SPARC. In their studies, tumour xenografts in SPARC-null mice led to larger tumours compared with tumour xenografts in control wild-type mice ([@bib8]; [@bib43]). A possible mechanism mediating this finding could be due to aberrant TGF-*β*1 activation by tumour-derived SPARC. In pancreatic adenocarcinoma, it has been recently demonstrated that tumour-derived SPARC enhances tumour progression by controlling the activation of TGF-*β*1 in SPARC-null mice ([@bib1]).

Matricellular proteins and remodelling of the ECM
=================================================

Given the importance of ECM dynamics during development and maintenance of tissue homoeostasis, there has been a burgeoning appreciation about how the deregulation of the ECM leads to or promotes tumour initiation and progression. Extracellular matrix remodelling forms an integral part in this process by changing the structural architecture of the tumour cell matrix and effecting the physical changes that facilitate tumour cell signalling and behaviour ([@bib31]). Excess ECM deposition due to increased production of fibrillar type I collagens, fibronectin, proteoglycans, cytokines and secretion of matricellular proteins can be subject to enzymatic proteolysis which can lead to increased matrix crosslinking, thereby creating a fibrotic matrix environment that has been associated with accelerated neoplastic transformation ([@bib17]). Investigating the links between mechanotransduction due to increased tissue stiffness and enhanced tumour cell signalling has been the subject of recent intense interest ([@bib17]).

Increased tissue stiffness in breast tumour lesions compared with normal breast tissues has been demonstrated to be induced by upregulation of the enzymatic activity of lysyl oxidase (LOX), an enzyme that is responsible for collagen I and IV fibre crosslinking together with other ECM proteins ([@bib30]). It is this collagen crosslinking via LOX that has been shown to be one of the contributing factors that lead to increased tissue stiffness in cancers. In addition, it has also been proposed that increased tissue stiffness is due to increased collagen content ([@bib38]) as well as collagen remodelling by tumour fibroblasts ([@bib19]), all of which provide a network of tracks in the tumour microenvironment that supports the migration of cancer cells and fibroblasts as well as clustering receptors such as integrins, FAK and other tyrosine kinases to transduce downstream signalling for cell motility and invasion ([@bib18]). Release of pro-fibrotic growth factors such as TGF-*β*, FGF2 and platelet-derived growth factor by cancer-associated fibroblasts also augment the induction of matricellular protein secretion ([@bib25]). Overexpression of matricellular proteins within the tumour microenvironment aids these processes by not only serving as ligands to receptor-mediating signalling but also acting as scaffolds for the formation of a dense ECM meshwork ([Figure 1B](#fig1){ref-type="fig"}). Expression of endogenous SPARC has been shown to affect ECM organisation by influencing collagen deposition ([@bib8]). POSTN has been shown to interact with bone morphogenetic protein 1 (BMP-1) and fibronectin that consequently leads to the activation of LOX in the ECM and enhanced collagen crosslinking ([@bib33]). Interestingly, biochemical studies have revealed that POSTN supports the incorporation of TNC onto ECM fibrils within the ECM architecture, suggesting that the interactions of these matricellular proteins in the ECM may form the basis of a niche that might be conducive for metastasis ([@bib27]).

During tumorigenesis, another key characteristic of ECM remodelling is the deregulation in the activities of extracellular proteinases such as metalloproteinases (MMPs), cathepsins and membrane-bound proteinases such as a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTs) ([@bib26]). These proteinases serve as effectors of ECM remodelling and function as enzymes responsible for degradation of the ECM and other structural ECM molecules such as laminins and collagens ([@bib26]). Enzymatic proteolysis of these structural ECM proteins also effectively remodels the ECM to create tracks for tumour cells to invade into the underlying mesechymal stroma as well as releasing short peptide fragments that provide cues for the recruitment of myeloid cells to metastatic sites ([@bib26]). Matricellular proteins can both undergo proteolysis by these proteinases as well as induce their activities. Upregulation of MMP-2 by SPARC has been observed in breast cancer and glioma cell lines ([@bib13]). TNC has been demonstrated to increase the invasiveness of glioma cells through interaction with MMP-12 ([@bib54]). Release of OPN fragments through cleavage by MMP-9 in hepatic cell carcinoma (HCC) cells has been shown to be essential for tumour cell invasion and correlates with increased propensity for hepatocellular cell carcinoma (HCC) metastasis ([@bib61]). Overall, these data suggest that matricellular proteins have the capacity to mediate tumour cell invasion and dissemination through ECM remodelling either by serving as scaffolds for bridging ECM protein interactions and helping to increase tissue stiffness through upregulation of collagen fibrillogenesis or by upregulation of ECM proteinase activity.

Since the tumour ECM has been reported to be a barrier to efficient drug delivery, several groups have demonstrated that targeting specific populations within the stroma leads to improved drug delivery and therapeutic efficacy. For instance, [@bib40] established that pharmacologic disruption of the Hedgehog (Hh) signalling pathway depleted the desmoplastic stroma in a mouse model of pancreatic cancer. Hence, the removal of this physical barrier allowed more effective exposure of the tumour cells to chemotherapeutic agents. When hyaluronic acid was specifically ablated from the stroma in the same mouse model of pancreatic cancer, this restored tumour interstitial fluid pressure and subsequently increased sensitivity for the tumour cells to chemotherapy ([@bib45]). Additionally, it has been shown that the mechanism of increased chemotherapy delivery is facilitated through increased perfusion by virtue of vessel decompression ([@bib60]). In aggregate, it is conceivable that targeting of matricellular proteins might augment the abovementioned strategies to ablate the tumour stroma, although this is conceptual in nature at the present time.

Priming of the pre-metastatic niche by matricellular proteins
=============================================================

Metastasis represents the final step in the cascade initiated by tumour cells after egress from the primary tumour site, invasion and intravasation into the blood circulation. In order for the disseminated tumour cells to colonise and thrive at distant, metastatic sites, it would need an environment or 'niche\' that is permissive for successful tumour cell colonisation and growth ([@bib11]). However, the low number of metastasis initiating cells suggests that microenvironments of distant sites are generally inhospitable for tumour metastases. In order to overcome this obstacle, it has been shown that soluble factors, ECM proteins and growth factors, are secreted from the primary tumour or stromal cells, in turn priming the microenvironment at distant sites to prepare for metastatic cell seeding ([@bib46]). Recent studies have proposed that one source of these stromal factors are matricellular proteins derived from the ECM of primary tumours ([Figure 1C](#fig1){ref-type="fig"}). [@bib34] highlighted the capacity of tumour-derived OPN in instigating tumour growth in indolent tumours at distant sites and enhancing lung metastases via recruitment of bone marrow derived cells. In an orthotopic model of 4T1 breast cancer, S100A4^+^ stromal cells were found to promote metastatic colonisation to the lung by producing elevated levels of TNC ([@bib42]). Furthermore, metastatic assays done with 4T1 breast cancer cells implanted in mice with a TNC-deletion led to smaller metastatic lesions compared with wild-type littermate control mice, confirming the importance of TNC in the metastatic microenvironment ([@bib42]).

Another facet in the study of tumour metastasis has been the putative association between cancer stem cells (CSC) and subsequent growth in their metastatic niches. In a polyoma virus middle T antigen (PyMT) mouse model of breast cancer, elevated POSTN expression was observed both in mammary tumours and in lung metastases. However, the number of lung metastases was reduced significantly when this model of cancer was studied in the context of POSTN-null mice compared with wild-type control mice, suggesting that POSTN mediates initiation of metastatic lesions in the lung ([@bib32]). Moreover, the tumour initiating capacity of CSC was diminished when inhibited by POSTN blocking antibodies and stromal POSTN was shown to be responsible for maintaining CSC signalling in the metastatic niche by interacting with Wnt ligands ([@bib32]). Strikingly, parallel observations were made in another study where TNC was found to be important for breast cancer cell metastatic colonisation to the lungs as well as maintaining Wnt and Notch signalling in CSCs ([@bib41]). It has been speculated that since POSTN anchors TNC to the ECM, it is possible that in the context of the metastatic niche, these two matricellular proteins collaborate to promote important signalling pathways for CSC survival.

Conclusions and future perspectives
===================================

Matricellular proteins have been demonstrated to be key components in several aspects of cancer progression especially in the context of the tumour microenvironment. Since the ECM forms a dynamic component towards mediating tumorigenesis, the abilities of matricellular proteins to modulate protein interactions for various essential receptor-mediated signalling pathways prove critical for facilitating cell survival, proliferation, EMT, invasion and metastasis. In addition, matricullar proteins have been established as directly influential toward coordinating aberrant ECM remodelling, thereby leading to the acquisition of an invasive and subsequently metastatic phenotype. In terms of the metastatic niche, it is becoming increasingly apparent that stromal factors form a supportive foundation for metastatic colonisation and matricellular proteins may play a pivotal role in maintaining signalling cascades for tumour growth. We have summarised the roles of several members of the matricellular family at different stages of tumour progression and present how the functional diversity of these proteins allows them to serve dynamically in advancing tumour progression. Other matricellular proteins such as thrombospondins, CCN family of proteins and galectins may also play similar roles in tumour development. Future opportunities are to gain a better understanding of the underlying molecular mechanisms that direct matricellular protein function in the tumour ECM and metastatic niche in order to implement targeted therapeutic approaches that may prove beneficial in combination with conventional therapies.
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![**Roles of matricellular proteins within the tumour microenvironment and metastatic niche.** (**A**) After induction by soluble factors such as EGF and TGF-*β* as well as cytokines in the tumour microenvironment (red arrow), matricellular proteins act as ligands to activate integrin signalling or receptor tyrosine kinases such as EGFR or FAK receptors, which in turn induces downstream biological processes such as EMT, cell motility and invasion and ultimately metastasis. (**B**) Matricellular proteins induce ECM remodelling by activating intracellular ADAMTs or undergoing proteolytic cleavage by extracellular MMPs. These interactions promote downstream tumour cell signalling, invasion and metastasis. Matricellular proteins can also act as scaffolds for facilitating interactions with other matricellular/ECM proteins that promotes upregulation of LOXP activity and fibrillar collagen crosslinking. The resulting matrix remodelling and stiffness cluster receptor tyrosine kinases or integrins, which then initiate downstream cell signalling pathways for mediating invasion. (**C**) Matricellular proteins, derived from growth factors or cytokines secreted from primary tumours or stromal cells (red arrow), aid in maintenance of cancer stem cell (CSC) signalling such as Notch1 or Wnt signalling to maintain the metastatic niche. Matricellular proteins may also form interactions with other matricellular proteins to augment CSC survival in metastatic niche.](bjc2012592f1){#fig1}
